The ligation of a branch of the portal vein in different animal species-including rats-induces atrophy of ligated liver lobes via multifocal necroses and compensatory hypertrophy of non-ligated lobes (STEINER and MARTINEZ, 1961) . KERR (1965) reported that another mode of cellular death distinct from coagulative necrosis, occurred in the portal-deprived liver lobes of i.e., "shrinkage necrosis" in the hepatocytes. Since shrinkage necrosis was found outside the patches of coagulative necrosis, he surmised that very severe cell damage resulted in coagulative necrosis, while moderate damage induced shrinkage necrosis and that (KERR, 1971) . RozGA et al. (1986) , however, reevaluated the experimental model of portal branch ligation in the rat and showed that variable sizes of necroses usually occurs in ligated liver lobes. Shrinkage necrosis reported on morphological grounds was later renamed apoptosis because it was revealed to have an important biological role in tissue kinetics in various organs of embryonic and adult animals under both physiological and pathological conditions (KERR et al., 1972) .
The ultrastructure of apoptotic hepatocytes and the mode of their elimination including their ultimate fate have been examined in detail (KERR, 1971) , but there has been little date on the difference of the functional significance between apoptosis and necrosis in the process of liver atrophy. Although liver lobules of the atrophic liver become smaller than usual due to the massive loss of hepatocytes (SCHALM et al., 1956) , they recover normal hepatic architecure (KERR, 1971) . This process therefore includes not only the elimination of hepatocytes but also the reconstruction of hepatic cords after removing damaged cells.
Recently, embolization of the portal vein branches which supply tumor-bearing liver lobes has come to be often performed prior to surgical resection of a hepatocellular carcinoma in order to reduce the portion requiring resection and compensatorily enlarge the non-resected portion. This technique has yielded good clinical results (KINOSHITA et al., 1986 (KINOSHITA et al., , 1992 . It is therefore clinically important as well to elucidate the histological events occurring in the process of atrophy of portal-deprived liver lobes. In order to determine the functional role played by apoptosis of hepatocytes in the process of weight reduction of the liver in comparison with that of necrosis, we have here used a rat model of portal branch ligation of the liver where both types of cellular death take place in the same specimen, and examined the time course and incidence of apoptosis of hepatocytes and the relationship between apoptosis and necrotic foci in the ligated liver lobes.
MATERIALS AND METHODS

Animals
Male Wistar rats (220-280 g) were purchased from Clea Inc. (Shizuoka, Japan), housed at a constant temperature and fed standard chow pellets and water ad libitum. All experiments were performed in accordance with the standard guidelines for animal experiments of Osaka City University. necrotic area E non-necrotic are
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Ligation of a portal vein branch Under ether anesthesia, the abdomen was opened. The branch of the portal vein which fed the left and median lobes of the liver was ligated with sutures at the portion immediately after the branch to the right lobes emerged, with care taken not to injure the accompanying hepatic artery and bile duct. Three to five animals were sacrificed each on Days 1, 2, 4, 7 and 14 after ligation. The ligated and non-ligated liver lobes were weighed. The relative weight of ligated lobes or non-ligated lobes to the body weight was then calculated and expressed by percentage.
Light and electron microscopy
Under ether anesthesia, a 21G cannula was inserted into the proximal portion of the ligated portion of the portal vein. The ligated liver lobes were perfused first with saline and then with 1.5% glutaraldehyde in 0.062 M cacodylate buffer, pH 7.4, Plus 1% sucrose. Small blocks were postfixed in 1 % OsO4 in 0.1 M phosphate buffer, pH 7.4, dehydrated in ethanol and embedded in polybed. Semithin (0.5,um-thick) sections were stained with toluidine blue and examined light microscopically.
Thin sections were stained with saturated uranyl acetate and lead citrate and examined with a JEM 1200EX-II electron microscope (JEOL, Japan) at 100 kV.
Morphometry
We took pictures of toluidine blue-stained sections on Days 1, 2, 4, 7 and 14 after ligation and analysed the intralobular distribution of apoptotic hepatocytes in two ways: 1) their incidence in necrotic and nonnecrotic areas and 2) that in central, intermediate and periportal zones of the lobule. We identified apoptotic hepatocytes light microscopically by either nuclear fragmentation or apoptotic bodies in the sections. Firstly, we measured the sizes of necrotic areas, non-necrotic areas and whole areas of the sections. The numbers of apoptotic hepatocytes in each area were counted on ten sections at each time period and expressed as number of cells/mm2 of the section. The frequency or density of apoptosis in necrotic areas and non-necrotic areas was then calculated and expressed as number of cells/mm2 of necrotic areas or non-necrotic areas. In the necrotic areas, the apoptotic hepatocytes were usually distributed along the margin of necrotic areas as described in the Results, and the incidence of apoptosis in necrotic areas was expressed as the number of cells/mm of circumference. The circumference was calculated by (total necrotic areas xr)1/2x1/2, regarding the total necrotic areas as one sphere.
Next, the lobular parenchymal mass in the ligated lobe on Day 4 was divided into 3 zones of equal width, referred to as the central, intermediate and periportal areas. The number of apoptotic cells was counted in each zone in 16 sections. The incidence of apoptosis was expressed as the number of cells/mm2.
Furthermore, we made a diagram in which apoptosis and necrosis in five adjacent semithin sections (each about 15um separation between slices) were overlayed.
Statistical analysis
Results were studied by analysis of variance (ANOVA).
RESULTS
Weights of ligated and non-ligated liver lobes
Ligated liver lobe weight decreased rapidly after operation (Fig. 1) . It reached about one-half of its original weight on Day 2 and about one-third original weight on Day 4. It continued to decrease gradually until Day 7, after which it decreased only slightly. On the other hand, non-ligated liver lobes increased in weight in a fashion opposite to that of ligated ones. The weight of these lobes reached twice its original weight on Day 2, three times original weight on Day 7, and thereafter increased slowly until Day 14. The weight of the liver as a whole was thus maintained near the baseline level after ligation.
Light microscopic observation of lighted liver lobes
One day after ligation, small necrotic areas appears in the central to intermediate zones of liver lobules, and became significantly larger by Day 2 (Fig. 2a) . Sinusoidal endothelial cells and stellate cells in this area were, however, intact. Macrophages or Kupffer cells in necrotic regions migrated extrasinusoidally and, as a result, no macrophages were seen inside the sinusoidal lumen of this area. We observed no particular accumulation of neutrophils nor lymphocytes around the necroses.
Necrotic hepatocytes were almost gone by Day 4. These areas contained macrophages, stellate cells and a small number of collagen fibers. Although they included only a few necrotic hepatocytes, we have referred to these areas as necrotic areas for convenience in the following description.
The necrotic areas became significantly reduced in size compared with that on Day 2 (Fig. 2b) . By Day 7, it had become very limited in size, but still separated the hepatic cell cords (Fig. 2c) . By Day 14, it almost disappeared, and the hepatic architecture was completely recovered without any fibrosis (Fig. 2d) . The percentage of the necrotic area in the whole area of sections was 6.3% on Day 1, 24% on Day 2, 8.4% on Day 4, 2.2% on Day 7 and 0 % on Day 14.
During these periods, we often observed apoptotic hepatocytes.
They exhibited the condensation of nuclear chromatin and normally stained cytoplasm in toluidine-biue stained specimens (Fig. 3) . Some of them became apoptotic bodies which were spherical or oval cell bodies varying in size from 5-10 um in diamerter and densely stained.
Kinetics and intralobular distribution of apoptotic hepatocytes in ligated lobes
We counted apoptotic hepatocytes which exhibited nuclear chromatin condensation or apoptotic bodies on toluidine blue-stained sections at each time point after ligation. Apoptosis was present on Day 1, and subsequently increased rapidly in frequency, reaching a peak on Day 4 and decreasing by Day 7 (Fig. 4) . We still observed a few apoptotic bodies on Day 14. We then studied the intralobular distribution of apoptotic hepatocytes with particular reference to their relationship to the necrotic area. An example at Day 4 is shown in Figure 5 . Apoptotic hepatocytes were distributed in both necrotic and non-necrotic areas. In necrotic areas, they tended to be present near non-necrotic areas. The incidence of apoptotic hepatocytes on Day 4 was much higher in the central areas than in the periportal areas of liver lobules (Fig. 6) , probably because necrotic areas were more frequent in the central area. significantly on Day 4, reached a peak on Day 7 and dacreased in number significantly by Day 14. The cell numbers counted here depended on the width of the area, so in order to eliminate the size factor for each area, we calculated the frequency of apoptotic cells per unit square of each area (Fig. 8a, b) . Frequency, or density, of apoptotic hepatocytes was high on Day 2 and 4 in necrotic areas (Fig. 8a) , while it was high on Days 4 and 7 in non-necrotic areas (Fig. 8b) .
Electron microscopic observations of apoptotic hepatocytes in ligated liver lobes
We therefore next examined the ultrastructure of apoptotic hepatocytes on Day 2 and Day 7. On Day 2, massive hepatocytic necrosis was noted. Necrotic hepatocytes showed swollen mitochondria with disappearing cristae (Fig. 9) and then lost the cytoplasmic matrix (Fig. 10) . Sinusoidal lining structures such as stellate cells and sinusoidal endothelial cells exhibited normal features (Fig. 9) . Macrophages had migrated extrasinusoidally and digested debris from degenerated hepatocytes. Apoptosis was usually present at the boundary between necrosis and intact areas (Fig. 10) . Apoptotic hepatocytes and necrotic hepatocytes often existed side by side (Fig. 10) .
At the beginning of apoptosis, hepatocytes exhibited almost normal features of cell organelles except for nuclear chromatin condensation and the disappearance of microvilli and that they were not yet surrounded by cytoplasmic projections of macrophages (Fig. lla) . Apoptotic bodies separated from the cell were incorporated by neighboring cells such as macrophages (Fig. 11a ), stellate cells (Fig. 11a, b) , endothelial cells and hepatocytes. Phagocytosed apoptotic bodies became condensed due to digestion by lysosomal enzymes. Electron microscopically, apoptotic hepatocytes exhibited features distinct from those of necrotic hepatocytes. Figure 12 shows the sequence of apoptosis and necrosis of hepatocytes observed on Day 2. Necrosis began with mitochondrial swelling but without any change in nuclear chromatin (Fig. 12b) . As it proceeded, the mitochondrial matrix was dissolved out and cristae could not be obviously recognized (Fig. 12c) . Nuclear chromatin was still scattered inside the nucleus, but the nuclear matrix had been lost or become pale (Fig. 12c) . On the other hand, in apoptotic cells, nuclear change preceded cytoplasmic changes. Apoptosis began with the condensation of chromatin and loss of microvilli with no evidence of degenerating cell organelles such as the swelling of mitchondria (Fig. 12d) . As it advanced, mitochondria became somewhat swollen, but the cristae never disappeared (Fig. 12e) . Finally, the mitchondria became very crowded in the densely stained cytoplasm (Fig. 12f) .
On Day 7, apoptotic hepatocytes often faced necrotic areas which were located near central veins and consisted of stellate cells and macrophages (Fig.  13 ). They were also found among intact hepatocytes. After necrotic hepatocytes had undergone dissolution, hepatocytes were located more peripherally in the lobule than the necrotic area and were densely packed in the periphery (Fig. 14) , since no regeneration of hepatocytes was occurring. We often observed that endothelial cells and/or stellate cells which did not form obvious sinusoidal lumina were interposed between two parallel hepatic cell cords (Figs. 14-16 ). Apoptotic hepatocytes were observed nearby such closed sinusoids (Figs. 15, 16 ) and sinusoidal endothelial cells often phagocytosed apoptotic bodies (Fig. 16) .
DISCUSSION
The present study has demonstrated from the histologic and kinetic aspects that there are two phases of apoptosis of hepatocytes in the course of volume reduction of liver lobes after portal branch ligation: in the first phase on Days 1-4 when coagulation necrosis of hepatocytes is apparent, apoptosis of hepatocytes is induced in the periphery of the necrotic area; in the second phase on Days 4-7 when necrotic areas are diminishing, apoptosis occurs in no relation to necroses but does so among viable hepatocytes.
In this study, portal-deprived liver lobes underwent progressive atrophy with almost the same kinetics as reported by ROZGA et al. (1986) . Weight reduction of ligated liver loves was principally the consequence of hepatic necrosis. It was mostly completed by Day 4, during which time about 90% of final reduction occur- red, and massive necrosis of hepatocytes and elimination of degenerated cells were observed. Massive hepatocytic necrosis appears to be due to the sudden and significant decrease in blood flow and resulting pronounced hypoxia which follows portal vein ligation. The findings that apoptotic hepatocytes are localized near the borders between necrotic areas and normal areas and that the incidence of apoptosis in necrotic areas almost parallels that of hepatocytic necrosis suggests that a close relationship exists between apoptosis and necrosis. It is also reported in the tumor nodule that apoptosis is enhanced near the interface between viable tissue and an area of necrosis (SEARLE et al., 1975) . Although apoptotic hepatocytes were observed in the vicinity of necrotic hepatocytes, the sequences of cellular untrastructural changes characteristic of apoptosis and necrosis were distinct. Various stimuli such as those mediated by Fas ligand (RouvIER et al., 1993) have been reported to cause apoptosis. In this study, however, we rarely observed any adherence of lymphocytes, which may have Fas ligand molecules (SUDA et al., 1993) , to apoptotic hepatocytes at the beginning of apoptosis. The fact that apoptotic cells were surrounding necrotic areas suggests that apoptosis may be caused by hypoxia as is also the case for necrosis; if so, severe ischemia induces necrosis while mild ischemia induces apoptosis as descrived by KERR (1971) . There are only a few reports on the relationship of apoptosis with oxygen. Recentry, delayed neuronal death induced by transient hypoxia in hippocampus (KIRINO, 1982; KIRINO and SANG, 1984) has been revealed to apotosis (NITATORI et al., 1995) . McCONKEY et al. (1988) have demonstrated the relationship of endogeneous endonuclease activity, which is involved in apoptosis, with oxidative stress in hepatocytes. The Molecular mechanism by which a quantitative difference of oxygen concentration in the blood flow can induce qualitatively different process of cell death in the hepatocytes is to be further investigated. Our present findings also demonstrated that apoptosis plays a role in the reconstruction of hepatic cell cords on Days 4-7 after portal branch ligation, as shown in Figure 17 . Since the hepatic cell cords diverge toward the portal area, they have been drawn as Y-shaped in Figure 17 . After degenerating hepatocytes have been removed, hepatocytes are not supplied to the necrotic areas by regeneration of hepatocytes around these areas. We did not observe here any mitoses of hepatpcytes in the ligated liver loves; this result is in accordance with a previous study (RozGS et al., 1986) . Instead, the necrotic areas are compressed by and filled with hepatocytes located more peripherally in the lobule than the necrotic area. As hepatocytes approach the central zone of the liver lobule, neighboring hepatic cell cords come closer to each other and finally become densely packed, compressing and finally occluding the interposed sinusoidal lumen. The narrowing or occulusion of the sinusoidal lumen may also result from the reduced arterial inflow to the ligated lobes due to the contraction of arterial branches (RozGA et al., 1986) . A Similar slitlike appearance or blind lumen of sinusiods have also been reported in proliferating disorders such as benign liver cell adenoma (BIOULAC-SAGE et al., 1988) . The "combined hepatic cell cords" formed in this fashion are too thick to be supplied with sufficient oxygen and nutrients by sinusodial blood flow. Apoptpsis of the hepatocytes seen in such areas is considerd to contribute to the reduction of the thickness of "combined hepatic cell cords".
Apoptosis also occurred in those hepatocytes which faced the necrotic area near the central vein on Day 7; such hepatocytes are distant from the sinusoidal lumen and are insufficiently supplied with oxygen from the blood flow. The initiating stimulus for apoptosis both in the "combined hepatic cell cords" and near the necrotic area therefore appears to be mild ischemia, as was the case on Days 1-4. In order to eliminate excess hepatocytes and counterbalance the cell number to the sinusoidal blood flow, apoptotic change occurs in the hepatocytyes during this 
